Introduction
Erlotinib (ERT) is an effective selective tyrosine kinase inhibitor. It reversibly binds the binding site of ATP in the epidermal growth factor receptor tyrosine kinase domain to inhibit the automatic phosphorylation of tyrosine kinases.
1,2 Inhibition of tyrosine kinase promotes cell apoptosis, inhibits angiogenesis, and ultimately prevents proliferation of cells. [3] [4] [5] ERT, which is used in the treatment of various solid tumors such as non small-cell lung cancer, is available in oral form. 6, 7 The new ERT delivery system is limited due to its poor solubility. Thus, great effort is currently devoted to the design of novel systems for targeted ERT delivery. The development of targeting moieties to selectively internalize the drug payload inside the cancer cells is now considered an important step. 8 For example, it can improve poor solubility and low bioavailability, reduce rapid renal clearance, and improve cell selectivity. 9 At present, many encapsulation methods that use delivery systems such as liposomes, polymeric-based nanoparticles (NPs), hydrogels, and serum albumin are used. [10] [11] [12] [13] Among the wide range 
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shen and li of targeting ligands, hyaluronic acid (HA) and human serum albumin (HSA) have proven success in lung cancer targeting within tumor cell lines and animal models. 14, 15 HSA, an endogenous protein, is nontoxic, is nonimmunogenic, and has good biocompatibility. 16 It has been widely used in drug delivery as a macromolecular protein carrier. 17 Therefore, HSA can improve the solubility of lipophilic drugs. In addition, the presence of carboxylic and amino groups on the surface promotes the surface functionalization for albumin NPs. 18, 19 For example, the surface of albumin NPs can be modified with fluorescent dyes, target molecules, and functional RNA by covalent binding. 20, 21 It also makes it easy to use hydrophilic polymers, such as polyethylene glycol, to prolong circulation. 22 HA, a linear negatively charged polysaccharide consisting of 2 alternating units of d-glucuronic acid and N-acetyl-dglucosamine, is being investigated as a targeting constituent of drug carriers for cancer therapy. HA is known to interact with CD44 (cluster of differentiation-44), receptor for hyaluronanmediated motility, and lymphatic vessel endothelial receptor-1 cell surface receptors, which are overexpressed in tumor cells. [23] [24] [25] Activation of such receptors, upon HA-receptor interaction, can stimulate signal responses that promote internalization of chemotherapeutic agent-loaded NPs. 26 This study aimed to prepare the ERT-HSA-HA NP delivery system by a precipitation method. ERT-HSA-HA NPs were characterized in terms of physical properties, such as morphology and particle size, and in vitro drug release. Moreover, the cytotoxicity, cellular uptake, and in vivo activity of ERT-HSA-HA NPs were investigated and compared in A549 cells.
Materials and methods Materials
ERT was a gift from Fuan Pharma Co Ltd (Chongqing, China). HSA (.99% purity) was purchased from Sigma-Aldrich (St Louis, MO, USA). HA (molecular weight [Mw]: 5,400 Da) was kindly provided by Bloomage Freda Biochem Co Ltd (Jinan, China). A549 cells were purchased from Cobioer Biotechnology Co Ltd (Nanjing, China). All other reagents were obtained from Sinopharm Chemical Reagent Co Ltd (Shanghai, China). Methanol and acetonitrile (chromatographic grade) were obtained from Sigma-Aldrich. Deionized water used throughout the research work was produced in the laboratory using a Milli-Q Gradient A10 System.
Preparation of erT-hsa-ha nPs
To prepare ERT-HSA NPs, HSA (20 mg) and ERT (5 mg) were dissolved in 10 mL dichloromethane. The solvent was then evaporated under reduced pressure at 40°C, yielding a thin and transparent film containing HSA and ERT. The film was rehydrated in deionized water and sonicated to disperse into selfassembled NPs. The final solution was filtered through a 0.8-µm cellulose acetate filter unit, freeze-dried, and stored at −20°C until needed. The freshly prepared ERT-HSA NPs were surface decorated by HA via electrostatic deposition technique. 27, 28 For the surface-coating process, 5 mL of ERT-HSA NP dispersion (0.05%, w/v) was added into an equal volume of HA solution under magnetic stirring at 750 rpm for 30 min.
characterization of the prepared erT-hsa-ha nPs For particle size analysis, a dynamic light scattering technique was applied, whereas laser Doppler anemometry was used for zeta potential measurements using a Zetasizer Nano ZS instrument (Malvern Instruments Ltd, Malvern, UK). All measurements were performed in triplicate, and the values are represented as mean±SD (n=3). The morphologies of the NPs were visualized by transmission electronic microscopy (JEM-1200EX; JEOL, Tokyo, Japan). The samples were added to the surface of copper grids and stained with phosphotungstic acid (1%, w/v). The accelerating voltage was 120 kV. The entrapment efficiency (%EE) was determined by measuring the concentration of unentrapped drug in the NP dispersion. Briefly, the NP dispersion was subjected to centrifugation for 20 min at 4°C at 4,500 rpm, and the amount of ERT in the supernatant was determined at 332 nm by high-performance liquid chromatography (HPLC) after dissolving the supernatant in acetone and ethanol (1:1) mixture. The drug encapsulation efficiency was calculated using the following equation:
%EE
ERT loaded in the NPs Weight of the total NPs = .
Stability study
According to International Conference on Harmonization guidelines, the particle size, zeta potential, EE, and DL of ERT-HSA-HA NPs were evaluated at 4°C for 3 months as the chemical and physical stability. The centrifuge tests were also carried out to assess the physical stability of the NP solutions. The NP solutions were centrifuged for 30 min at 650× g in the centrifuge tests. 
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HA/HSA co modified erlotinib-albumin NPs for lung cancer treatment in vitro release
In vitro studies of drug release from modified and unmodified ERT-loaded HSA NPs were carried out for 24 h in PBS (pH 7.4). An aliquot of NPs, containing a fixed amount of ERT (10 mg), was introduced in a dialysis bag (Mw cutoff 10,000-12,000 Da) and then placed in PBS adjusted at 37°C under gentle magnetic stirring (75 rpm) in a volume (20 mL, 0.5% Tween-80) achieving the sink condition. At scheduled time intervals, 1 mL of medium was withdrawn and replaced with an equal volume of fresh medium. The amount of ERT released was calculated by HPLC at 332 nm. The whole experimental procedure was performed in triplicate. The release of the free drug was also studied in the same way.
T h e E R T r e l e a s e p r o f i l e s o f m o d i f i e d a n d unmodified NPs were compared using the similarity factor (f 2 ) according to the equation reported, 
where "log" is the logarithm to base 10, "n" is the number of sampling time points, "P" is the summation over all time points, and "Rt" and "Tt" are the cumulative percentages of drug released at each of the "n" time points of the reference and test products, respectively. Further, f 2 values between 50 and 100 guarantee likeness of the 2 dissolution profiles and, hence, the performance of the 2 formulae.
in vitro anticancer activity assay
The in vitro anticancer activity of ERT-HSA-HA NPs on human lung carcinoma A549 cells was evaluated by the MTT assay. Control experiments were carried out using a complete growth culture medium, only as a nontoxic control. A549 cells (1×10 5 cells per well in 1 mL medium) were seeded into 96-well plates. After 24 h, cells were incubated with different samples containing varying concentrations of ERT-HSA-HA NPs, ERT-HSA NPs, or free ERT or blank NPs (from 0.002 µg/mL to 20 µg/mL). After 48 h of incubation under cell culture conditions, the growth and viability of cells were determined by using MTT assay. Then, 1 mL complete growth culture medium and 60 µL of MTT solution (5 mg/mL in PBS) were added to each well and incubated for 4 h. The absorbance was determined using a microplate reader at 540 nm. The results were expressed as percentages relative to the result obtained with a nontoxic control.
cellular uptake
The cellular internalization of free ERT, ERT-HSA NPs, and ERT-HSA-HA NPs was visualized by confocal microscopy using Coumarin-6 as a fluorescent probe. A549 cells were grown in Roswell Park Memorial Institute 1640 medium supplemented with 10% (v/v) FBS and 5% antibiotics (100 IU/ mL of penicillin G sodium and 100 µg/mL of streptomycin sulfate). A549 cells were inoculated in a cell culture dish at of 4×10 5 cells per dish for initial density. Cells were then incubated with Coumarin-6-adsorbed free ERT, ERT-HSA NPs, and ERT-HSA-HA NPs (equivalent to 0.1 µg/mL of Coumarin-6) for 2 h at 37°C±0.5°C.
Subsequently, cells were washed several times with PBS and fixed with 4% paraformaldehyde for 10 min. Finally, cells were observed under a confocal microscope. For quantitative estimates of ERT uptake, the density of cells inoculated on 24-well plates was 3×10 4 cells. When they reached 70%-80% confluence, cells were incubated with Coumarin-6-adsorbed free ERT, ERT-HSA NPs, and ERT-HSA-HA NPs (equivalent to 0.1 µg/mL of Coumarin-6). After 2 h of culture, cells were washed several times with cold PBS. Subsequently, cells were dissolved by addition of Triton X-100 (0.1%). Fluorescence intensities were measured by a multimode microplate reader at an excitation wavelength of 440 nm and an emission wavelength of 520 nm.
Pharmacokinetic studies
All the in vivo experimental protocols were approved by the animal care committee of Shanghai Jiao Tong University, and all experiments were conducted in strict accordance with the Laboratory Animal Care and Use guidelines, adopted by the National Institutes of Health (Shanghai, China). SpragueDawley rats weighing 200-220 g were used for the pharmacokinetic study. Before the experiment was commenced, the rats were kept in a state of fasting for 6 h. In the experiment, all rats were divided into 3 groups (8 rats per group). One group was given ERT injection (free drug, as a control) and the other 2 groups were given modified and unmodified ERT-loaded HSA NPs (dose=10 mg/kg). All the formulations were introduced into rats via intravenous injection. Blood samples (2 mL) were collected from the tail vein into heparinized 5 mL polythene tubes before administration and at 0.25, 0.5, 1, 2, 4, 6, 8, 10, 12, and 24 h after dosing. The collected plasma was stored at −20°C until analysis.
in vivo antitumor activity
The A549 model was established as described before. 15 The treatments were started on the day when the tumor volume reached 100-150 mm 3 , which was set as Day 0. On Day 0, the mice were randomly divided into 4 groups (blank NPs, free ERT, ERT-HSA NPs, and ERT-HSA-HA NPs) (n=10). 
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shen and li the study, the tumor size and body weight were measured 3 times in 1 wk. On Day 30, the mice were sacrificed and resected to weigh the tumor. The test drug administration procedures were as follows: Day 0, Day 3, Day 9, Day 12, and euthanasia on Day 30. A digital caliper was used to measure the tumor diameters (in millimeters), and tumor volumes (in cubic millimeters) were calculated using the following formula: tumor volume=length×width 2 ×0.5. In the course of the study, mice were regularly weighed to monitor the potential toxicities.
statistical analysis
All data points were denoted as mean±SD. In order to determine statistical significance, analysis of variance (1-way or 2-way) was conducted using GraphPad Prism 6. The difference was considered statistically significant if p#0.05.
Results and discussion characterization of nPs
ERT is a novel small-molecule inhibitor for the intracellular ATP-binding site of EGFR tyrosine kinase. Currently, it is clinically applied as the first-line treatment for lung cancer. In our previous study, we successfully developed self-assembled ERT NPs in an aqueous medium (~120 nm, Unpublished data 2016) with an HSA-HA conjugate using a solvent-free film casting and rehydration method. Hydrophobic ERT is expected to be localized at the hydrophobic domains of HSA-HA and may be exposed during the solvent evaporation process at an elevated temperature. The entrapment might effectively prevent the formation and growth of drug crystals in the membrane. The surface of the NPs would be stabilized by the HA segments that form the outermost hydrophilic layer. The ERT-HSA-HA NPs were spherical in shape, with a hydrodynamic diameter of 112.5±2.8 nm ( Figure 1A) . The DL amount and EE were 5.6% and 81.2%, respectively. Table 1 also gives the stability data of particle size of ERT-HSA-HA NPs stored at 4°C. After 3 mo of storage, no dramatic change (such as visible aggregation, drug content changes, and precipitation) in the appearance of ERT-HSA-HA NPs occurred. TEM images ( Figure 1B) showed that NPs were dispersed well and had uniform shape. No significant change in clarity and phase separation was observed in the tests of centrifugation.
in vitro release
The cumulative amounts of ERT released from the HAmodified ERT-HSA NPs are illustrated in Figure 2 . A control experiment with free ERT was also adopted under comparable conditions, in which total drug diffusion was achieved across the dialysis membrane within 2 h. For HA-modified ERT-HSA NPs, a low ERT burst release of 5% was noted at 1 h. An initial burst of drug release was obvious for unmodified NPs, attributed to the rapid diffusion of the free drug adsorbed on the particles. The slower release rate of ERT from HSA-HA NPs in comparison to unmodified ones, with an extension in drug release rate over 8 h, after which a plateau was observed until 12 h, may be ascribed to the surface-adsorbed coating layer, which might hinder the diffusion of the entrapped drug in the nanosystem. Applying the similarity factor (f 2 ), we found a low similarity in the release patterns of ERT from HSA-HA NPs and HSA NPs with f 2 =62. It might be explained by the enhanced penetrability of short-chain HA within the pores of NPs, which would result in more compact
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HA/HSA co modified erlotinib-albumin NPs for lung cancer treatment particles with slower drug release rates owing to the crosslinking efficiency of the polyanionic HA.
After the formulation of ERT-HSA-HA NPs had been optimized, we assessed the anticancer efficacy of ERT-HSA-HA NPs on A549 cells. The cells were exposed for 96 h to different concentrations of ERT-HSA-HA NPs, ERT-HSA NPs, or free ERT or blank NPs. The survival profile is presented in Figure 3 . The negative control was represented by blank NPs, for which cell survival is 100%. This result showed the safety of the unloaded vector. ERT-HSA NPs and free ERT have similar cytotoxicity characteristics, as expected; as the ERT concentration increased, greater cell death was observed. Surprisingly, ERT-HSA-HA NPs showed a superior antiproliferative effect on A549 cells, which may inhibit multidrug resistance, as well as having an obvious synergistic effect.
cellular uptake
ERT-HSA NPs and ERT-HSA-HA NPs were labeled with a fluorescent probe. As shown in Figure 4 , the nuclei, which were stained by Coumarin-6, displayed green fluorescence. A strong green fluorescence was observed in the perinuclear region of A549 cells treated with ERT-HSA-HA NPs, indicating that a sufficient amount of ERT-HSA-HA NPs entered the cytoplasm. In contrast, the green fluorescence shown in ERT-HSA NP-treated A549 cells was rare. Moreover, A549 cells pretreated with free ERT also exhibited mild green fluorescence, likely because the ability to cross cells is weak. The cellular uptake ratio of the NPs was detected by flow cytometry, which was 8.6%±1.4%, 16.3%±2.4%, and 62.3%±4.7% for free ERT-, ERT-HSA NP-, and ERT-HSA-HA NP-treated A549 cells, respectively. These results demonstrate that the HA modification strategy can facilitate the high-efficiency uptake of ERT-HSA NPs by A549 cells.
Pharmacokinetic studies Figure 5 shows the blood circulation time of free ERT, ERT-HSA NPs, and ERT-HSA-HA NPs after intravenous injection into mice. It can be seen that ERT-HSA NPs and Table 1 The stability data of ERT-HSA-HA NPs before and after storage at 4°c Time (h) Release percentage (%) 8 1 0 1 2
Free ERT ERT-HSA NPs ERT-HSA-HA NPs (Table 2) , while free ERT was quickly removed from the blood circulating system with t ½ =38.3±7.2 min. After the single injection, the plasma drug concentration quickly reached the maximum (105.9±12.1 µg/mL) in 15 min and then it decreased rapidly, leaving around 10% of the maximum serum concentration (C max ) value 2 h later, which implied that rapid in vivo elimination of ERT occurs in rats. In the case of intravenous administration, the in vivo profile of ERT NPs was smoother than the ERT-only injection group. ERT-HSA-HA NPs prolonged the blood circulation time of ERT, approximately increasing it by 2.52 folds (t ½ ). This phenomenon is mainly because the smaller particle size can significantly reduce the affinity of macrophages, thus prolonging the half-life of ERT in vivo. The area under the curve (AUC 0-∞ ) of ERT-HSA-HA NPs was 3.8-fold higher compared with that of the free drug. Thus, it was reasonable to conclude that the NPs could significantly extend the role of ERT in vivo (provided higher bioavailability). However, there was no significant difference in the pharmacokinetic parameters between ERT-HSA NPs and ERT-HSA-HA NPs after intravenous administration.
in vivo antitumor activity Figure 6A shows the antitumor efficiency of free ERT, ERT-HSA NPs, and ERT-HSA-HA NPs at the same concentration of ERT after intravenous injection via the tail. Mice were also treated with blank NPs. ERT-HSA-HA NP-treated mice showed a significantly inhibited tumor growth and no recurrence after 30 d of treatment, although the free ERT and ERT-HSA NP-treated groups, similar to the control group, showed ever-increasing tumor growth. As expected, the body weight of the mice in each group did not decrease significantly in 30 d of treatment ( Figure 6B ). In addition, after 30 d of treatment, H&E staining of the main organs (heart, liver, spleen, lung, and kidney) was conducted for further assessment of systemic toxicity in vivo. No obvious tissue toxicity or abnormality was found in the tissue H&E-stained images of all the test groups, which further showed the safety of ERT-HSA-HA NPs in biomedical applications (data not shown). Concentration (µg/mL) 8 10 12 Time (h) 14 16 18 20 22 24 Free ERT ERT-HSA NPs ERT-HSA-HA NPs 
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Conclusion
HA/HSA co-modified erlotinib albumin nanoparticles was expected to be a new strategy in the treatment of lung cancer.
